Surgical Timing Prediction of Patient-Specific Congenital
Tracheal Stenosis with Bridging Bronchus
by Using Computational Aerodynamics
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Abstract. Congenital tracheal stenosis (CTS) has a high clinical mortality in
neonates and infants. Although the procedure of slide tracheoplasty (STP) applied
over the years, it is still a challenge for clinicians to predict the surgical timing of
the CTS correction. In the present study, we studied on three-dimensional (3D)
aerodynamic analysis of an original tracheal model from a specific patient with
CTS and bridging bronchus (BB) and four new reconstructed models. We
constructed a 3D patient-specific tracheal model based on CT images and applied
computer-aided design (CAD) to reconstruct four models to imitate the stenosis
development of CTS. Average pressure drop (APD), wall shear stress (WSS) and
velocity streamlines were calculated to analyze local aerodynamic characteristics
for the evaluation of airflow at the inspiration phase and expiration phase, respec-
tively. We found APD, WSS and AEL decreased during the respiration with the
decrease of stenosis. Three abnormal gradients in APD were observed between
the main stenosis of trachea arrived at 80% and 60%. This implied the surgical
correction may be required when the main stenosis reached 60%. The combination
of CAD and aerodynamic analysis is a potential noninvasive tool for surgical
timing prediction in the management of patient-specific correction of CTS.

Keywords: Congenital tracheal stenosis - Computational fluid dynamics -
Aerodynamics - Computer-aided design - Airflow

1 Introduction

Congenital tracheal stenosis (CTS) that would endanger respiratory function of children
is a critical and life-threatening disease. In view of the multiformity of clinical
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manifestation, complexity of tracheal abnormalities and its rarity, a seasonable and
efficient treatment of CTS is a great challenge to surgeons [1-3]. CTS with bridging
bronchus (BB) is the most challenging type of CTS, which sometimes causes of high
morbidity and mortality. At present, surgeons usually determine the surgical timing of
CTS with BB depend on their own experience in clinical medicine and equipment
inspection, which is hard to avoid the occurrence of misdiagnosis [3]. Recent years, the
technology of image processing and numerical analysis [4] has played an increasingly
important role in the areas of medical diagnoses and therapies and largely improves the
possibility of pre-operative evaluation of aerodynamic outcomes of CTS [5-7]. There-
fore, it is necessary to combine multiple disciplines to make a timely and effective
approach for the patient with CTS.

In the present study, our research focused on the analysis of patient-specific tracheal
aerodynamics. Three-dimensional 3D model with CTS before surgery was recon-
structed. We defined it as the original model with 60% stenosis. According to the model,
we imitated four stages of stenosis development (models with non-stenosis, 20%
stenosis, 40% stenosis and 80% stenosis, respectively). Computational fluid dynamics
(CFD) as a noteworthy method was used to simulate the tracheal aerodynamics. Average
pressure drop (APD), wall shear stress (WSS) and velocity streamlines at the inspiration
phase and expiration phase were calculated to evaluate the local aerodynamic charac-
teristics for the analysis of the impairment of airflow in trachea. The major objection of
the present study is to introduce our methods for the surgical timing prediction of CTS
by computational aerodynamics.

2 Materials and Methods

2.1 Patient Information Acquisition

In the present study, a male little child was diagnosed with PAS which was associated
with CTS, complete tracheal rings and BB, when he was 15-month-old. With the
informed agreement from the parents and the local institutional review board and
regional research ethics committee of Shanghai Children’s Medical Center (SCMC)
Affiliated Shanghai Jiao Tong University School of Medicine our research was agreed
to be carried out.

As to image acquisition equipment, 16-slice multi-detector row enhanced CT
scanner (Bright Speed Elite, GE Medical System, General Electric, America) was
utilized to acquire the patient-specific CT images. Scanning parameters included the
thickness of each slice 0.625 mm and CT image resolution 512 x 512 pixels. CT images
were preserved in DICOM format.

2.2 Generation of Geometric Models

Medical imagining software, Materialise®-Mimics18.0, was used to compile and recon-
struct the patient-specific tracheal model. By this step, a patient-specific model was
visualized and transformed into 3D geometry from 2D images. After with an exact
measurement in the original CT image, a 3D tracheal model of the 2-generation airway
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(bronchial tree) with high accuracy was reconstructed. The 3D tracheal model after
surface smoothing is shown in Fig. 1, which can be observed clearly with three stenosis:
Main Stenosis, Stenosis 1 and Stenosis 2. In the present study, we only considered the
impact of changes in the geometric size of the main stenosis in trachea. We defined this
patient-specific model as the original model, Model 2, and exported it in the most
common geometric output format, stereo-lithography interface format (STL) for virtual
design of different stages of stenosis development.
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Fig. 1. Reconstruction of 3D patient-specific tracheal geometry

2.3 Model Rebuilding

The narrowest cross-sectional area of stenosis and the normal tracheal area can be
determined by the imaging techniques. To calculate the stenosis ratio, we defined r
as follows [8]:

Sy—3S
r= NS 5 x 100% (1)

N

Sy meant the normal tracheal area, and Sg expressed the narrowest cross-sectional area
of main stenosis.

According to this definition, the stenosis ratio of patient’s original model was about
60%. The original STL-formatted tracheal model was imported into computer-aided
design (CAD) software Materialise®-3matic 10.0 and divided into three parts to geomet-
rical design for the simulation of four stages of stenosis development as shown in
Fig. 2. Then we modified the main stenosis to 0%, 20%, 40%, 80%, respectively to
simulate four stages of stenosis development. Last, we integrated each part into a new
model respectively. The Fig. 2 shows total five models in the present study: an original
model (Model 2) with the stenosis ratio of 60%, Model 1 with the stenosis ratio of 80%,
Model 3 with the stenosis ratio of 40%, Model 4 with the stenosis ratio of 20% and Model
5 with non-stenosis.
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Fig. 2. Computer-aided design for model reconstruction

2.4 CFD Analysis

Governing equations of airflow. The airflow in trachea was assumed to be Newtonian
and incompressible flow. Simulations were performed by solving the governing equa-
tions of the airflow including Navier-Stokes (N-S) and continuity equations [9], which
were described as follows:
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where p was the air density, 4 was the viscosity, ¢ was the time, »; and u; were the
velocity vector of a point, p was the pressure, i, j = 1, 2, 3, x; and x; meant coordinate
axes. We assumed the airflow with the constant density and viscosity in the present study
(p = 1.161 kg/m® [4], 4 = 1.864 x 1075 kg/m s [10]).

The Reynolds number, a dimensionless number, was used to characterize fluid flow,
as defined in Eq. (4) [11]:

_pvd
u

Re @)

where p and y were air density and viscosity, v represented the velocity of airflow, and
d was the characteristic length such as the diameter of the airway. We calculated the
maximum Reynolds number was approaching to 3500. It suggested that the airflow in
trachea should be the turbulence flow. In the present study, Wilcox k-@ model [12] was
considered to obtain the turbulence viscosity for modeling the Reynolds stress, which
was verified perfectly for airway flow simulations by CFD [13].

Mesh generation. In this step, we applied the grid-generation software, ANSYS®-
ICEM 14.5, where five smoothed models with different stenosis ratio were imported.
There were two types of grids in the fluid domain: three-layer body-fitted hexahedral
grids and tetrahedral grids covering the remainder of the domain. Hereinto, an average
nodal space of hexahedral grids increased by a ratio of 1.2. Grid independence
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verification was performed in order to find the optimal number of grids for the efficient
calculation. Table 1 lists the number of total elements and total nodes for each model.

Table 1. Mesh information for each model

Total elements Total nodes
Model 1 (80% Stenosis) 1,207,424 453,344
Model 2 (60% Stenosis) 1,229,095 459,218
Model 3 (40% Stenosis) 1,093,932 394,447
Model 4 (20% Stenosis) 1,232,199 460,201
Model 5 (Non-stenosis) 1,242,588 463,383

Boundary conditions and calculations. To imitate more practical airflow in the phys-
iological conditions of trachea, we considered that the inlet boundary was extended 20
times of its diameter to develop velocity profile. Due to the serious CTS, ventilator
(Maquent, Servo-I, Sweden) was applied in this patient. Figure 3 showed the data of the
mass-flow from ventilator after the amendment in one respiration cycle. In addition, the
outlet boundaries for the tracheal domain were extended 40 times of each diameter to
obtain sufficient pressure recoveries, and a constant pressure of 0 atm was set at each
outlet [14]. The tracheal walls, including the extended boundary walls, were assumed
to be rigid with no-slip conditions.
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Fig. 3. Airflow mass flow rate in one respiration cycle

All of the above boundary conditions were set in the finite volume solver package,
ANSYS®-FLUENT 14.5, which was utilized in simulate transient airflow of each
tracheal model. The second-order upwind scheme and the semi-implicit (SIMPLE)
method were chosen to solve the N-S equations. The convergence criteria were set to
107 for each time step.
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3 Results

The stenosis ratios of Model 1, Model 2, Model 3, Model 4 and Model 5 were 80%,
60%, 40%, 20% and 0%. Among these models, Model 2 with 60% stenosis was original
patient-specific trachea model and Model 5 with non-stenosis was normal trachea model
without CTS used as control group. In this study, average pressure drop (APD) of the
main stenosis, wall shear stress (WSS) and streamlines of airflow in each tracheal model,
were calculated to evaluate the outcomes of five models varying different degrees of
stenosis.

3.1 Average Pressure Drop

Airway resistance and ventilation efficiency can be objectively measured by APD.
Therefore, APD of each main stenosis at the phase of inspiration and expiration were
respectively calculated in Fig. 4. Through comparisons of these values of each model’s
APD, it was obvious that APD decreased nonlinearly whether at the phase of inspiration
or expiration with the decreasing degree of stenosis. And assuming under the same
respiratory cycle, it is normal that the value of APD at the phase of inspiration was lower
than that at the phase of expiration in each model. This indicated that its workload of
expiration was heavier, and it’s easier to lead to airway closure and airflow obstruction
at this phase. Particularly there was a sharp decrease obtained between Model 1 and
Model 2. And the change of the values of APD between two adjacent models was rela-
tively steady in Model 3, Model 4 and Model 5.
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Fig. 4. Average pressure drop at main stenosis at the phase of inspiration and expiration

3.2 Wall Shear Stress

WSS of tracheal wall was regarded as a measurement of the interaction between the air
flow and the boundary of the airway. Many studies have demonstrated that much high
WSS would damage to the tracheal wall and further cause many diseases. In Table 2,
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the closer the color of the tracheal wall was to the blue, the smaller the value of WSS
was. If it is closer to the red, the value of WSS increased. As we can see, all the highest
WSS of each model occurred in main stenosis. With the decrease of stenosis ratio,
change of WSS between Model 1 and Model 2 is particularly evident, and there was no
significant difference between other models. In comparison with expiration phase, WSS
in inspiration phase was much lower.

Table 2. Wall shear stress (WSS) and aerodynamic analysis (streamlines)
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3.3 Streamlines

Table 2 displayed the streamlines at the maximum velocity of airflow at the inspiration
phase and expiration phase as well. The higher value of velocity was observed in the
main stenosis of the model 1. With the stenosis decreased, the velocity of airflow in the
main stenosis slowed down. Accompanied by an increase of stenosis at the phase of
inspiration, the size of turbulence became lager and the velocity of airflow was very
small, which indicated resistance in the area of BB was getting stronger. And large
rotating flow of each model was created area of BB to trachea at the phase of expiration.
The velocity varied from Model 1 to Model 2 significantly, which was evidenced from
another side to indicate it is critical timing for surgical correction.

4 Discussion

CTS is one of congenital tracheal diseases characterized by uncommon, complex, and
potentially life-threatening, which could lead to pulmonary infection and respiration
insufficiency. In the wake of the development in science and technology, the survival
of CTS has greatly improved. One reason may be that the methods of diagnosis are
becoming more diverse and accurate, such as bronchoscopy, bronchography and multi-
detector computed tomography (MDCT) [15, 16], which could only provide the static
imagine modalities of the main airway and is unavailable to the dynamic information.
Surgeons usually depend on the results of above methods of diagnosis and their own
previous experience to choose the surgical timing for the children with CTS. However,
the optimal and exact timing for surgical intervention is still controversial. If it can be
predicted, the operative survival rate of CTS would be definitely greatly improved.

In the present study, we utilized medical imagining software to generate 3D patient
tracheal model with CTS from high resolution CT 2D images to 3D models, and CAD
to rebuild four models with different stenosis based on the original 3D stenosis model.
The aerodynamics of five models was calculated by using CFD. Several parameters
including APD, WSS and streamlines were calculated to estimate aerodynamics of five
models. Airway resistance and efficiency of ventilation can be measured objectively by
APD. In the outcomes of APD, the general trend was that the values of APD declined
as the degree of stenosis decreased, showing a nonlinear reducing. It was a direct proof
of the degree of stenosis on the APD great impact and reasonable that airway resistance
became lower as well as ventilation efficiency was getting higher with decrease of the
stenosis ratio. The stenosis ratio was positively correlated with APD and the value of
APD when in an inspiration phase was lower than that when in an expiration phase in
each model, which were consistent with clinical practice. Moreover, there was a sharp
decrease obtained between Model 1 and Model 2. Abnormal increase of APD disclosed
that normal work of respiratory muscle can’t meet the physiological needs. It would lead
the patient to have symptoms like breathing difficulties, wheezing or even suffocation.
It suggested surgical correction was necessary for the investigated patient with 60%
tracheal stenosis.

WSS was regarded as a measurement of an interaction between the moving fluid and
the solid wall, which was displayed in Table 2. High value of WSS appeared in main
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stenosis parts, which would cause additional destruction of the bronchial epithelium.
Through the longitudinal observation from top to bottom, WSS in main stenosis grad-
ually decreased both in the inspiratory phase and expiration phase. As stenosis ratio
declined, airflow resistance became lower, which led to decreases WSS and strengthened
interaction between the airflow and the wall of trachea in two phases, respectively. It
was observed that WSS of main stenosis in the inspiratory phase were lower respectively
than that at the expiration phase due to higher workload in the expiration phase. Simi-
larly, change of WSS between Model 1 and Model 2 is particularly evident. The velocity
varied from 80% stenosis to 60% stenosis significantly along with the decrease of
stenosis ratio, which was evidenced that 60% stenosis is an inflection point for this
patient from another side. Therefore, we should attach importance to this critical inflec-
tion point that can predict the critical timing of surgery.

5 Conclusion

Development of tracheal stenosis have great effects on the outcomes of aerodynamics.
The combination with the technique of CFD and CAD is a potential tool for surgical
timing prediction to minimize the surgical risk. APD, WSS, and streamlines are critical
parameters for evaluation aerodynamics characteristics of airflow in trachea.
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